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(54) ELECTROMAGNETIC SUSPENSION APPARATUS 

(57)Abstract: 

PROBLEM TO BE SOLVED: To provide an electromagnetic suspension 
apparatus capable of developing a damping force with a motor, when it is 
impossible to control the electromagnetic suspension apparatus due to 
cable disconnection or the like (when there is no control). 
SOLUTION: When a disconnection of a power cable 81 is detected, a 
relay control signal is turned off to close a first and second relays 65, 66, 
and short- circuit a U-phase coil, V-phase coil and W-phase coil via the 
first and second relays 65, 66. Consequently, when a suspension unit 
strokes, the motor 3 arranged in the suspension unit operates as a 
generator, and the resistance of the magnitude being substantially 
proportional to a stroke speed, that is the damping force, is developed. 
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(54) (TITLE OF THE INVENTION) Electromagnetic suspension 
apparatus 

(57) (Abstract) 

(PROBLEM) To provide an electromagnetic suspension apparatus 
capable of generating a damping force with a motor when control of 
the electromagnetic suspension apparatus is impossible due to an 
open circuit in a cable, etc. (during uncontrolled operation). 
(MEANS FOR SOLVING) If an open circuit in power cable 81 is 
detected, a relay control signal is turned off, closing first and second 
relays 65 and 66 and shorting a U-phase coil, V-phase coil, and W- 
phase coil via first and second relays 65 and 66. Thus, when the 
suspension unit makes a stroke, a motor 3 provided on the suspension 
unit acts as an electric generator, generating resistance, in other words 
a damping force, of a magnitude substantially proportional to the 
stroke speed. 



(Scope of Patent Claims) 

(Claim I) An electromagnetic suspension apparatus comprising a 
suspension unit, which is provided with a pair of displacement 



members capable 
of relative 
displacement. 




with a magnet member being provided on one of said pair of 
displacement members and a coil member which together with 
said magnet member constitutes a motor being provided on the 
other displacement member, and which obtains propulsive force 
through electromagnetic force generated between said coil 
member and said magnet member due to electrification of said 
coil member and obtains damping force through electromotive 
force generated in said coil member due to relative displacement 
of said coil member and said magnet member; and a control 
means which controls electrification of said suspension unit, said 
electromagnetic suspension apparatus being characterized in that 
it is provided with an error detection means which detects errors 
in the signal provided from the control means to the suspension 
unit, and a shorting circuit which causes the coil member to form 
a closed loop, 

(Claim 2) The electromagnetic suspension apparatus described in 
claim 1, characterized in that said control means is provided on 
the vehicle body side, said control means being connected to said 
suspension unit with a cable, and said shorting circuit is provided 
integrally with the suspension unit. 
(Detailed description of the invention) 
(0001) 

(Technical field of the invention) The present invention 
concerns actuators and dampers for vibration suppression using 
electromagnetic force, and particularly relates to electromagnetic 
suspension apparatus suitable for use in automobiles, 
motorcycles, rail cars, structures, buildings, etc. 
(0002) 

(Prior art) Examples of conventional electromagnetic 
suspension apparatus include electromagnetic suspension 
apparatus which, instead of a damping force generating 
mechanism such as the orifice of a hydraulic damper, employ a 
linear motor, or a rotary motor and a linear-rotary motion 
conversion mechanism which converts the rotary motion of the 
rotor of the rotary motor to linear motion, Electrifying such an 
electromagnetic suspension apparatus causes displacement of the 
movable parts and makes the motor actively operate as a motor 
proper (an actuator), while using the motor as an electric 
generator (passive!) j generates damping force. 

(0003) When the motor is used as an electric generator, the 
resistance, in other words the damping force, generated by the 
motor (electric generator) is proportional to the magnitude of the 
current flowing to the coil, so the damping force can be made 
variable by adjusting the magnitude of the current flowing to the 
coil. Adjustment of the current flowing to the coil can be easily 
implemented, for instance, by providing a variable resistor within 
the circuit, or providing a switch which turns the circuit on and 
off and controlling the on-off time ratio of the switch. 

(0004) Thus, variably controlling the damping force of an 
electromagnetic suspension apparatus according to the stroke 
speed arid stroke position, or variably controlling it in real tunc to 
suppress vibration of the control target so as to provide as a so- 
called semi-active damper is relatively easy. Furthermore, when it 
is configured as a semi-active damper in this manner (used as an 
electric generator), there is no need to provide electric energy to 



the electromagnetic suspension apparatus, making it possible to 
greatly reduce power consumption. 

(0005) Furthermore, if an electromagnetic suspension apparatus is 
provided with electrical energy and used as a motor, it is easy to 
generate an arbitrary force, which makes it possible to apply force 
so as to increase the damping force, or generate an arbitrary 
control force to operate the apparatus as an active suspension and 
increase the vibration suppression effect, and methods of 
increasing the vibration suppression effect in this manner have 
been proposed as well. Direct current motors and synchronous 
motors are used as motors in the above-described electromagnetic 
suspension apparatus. 
(0006) 

(Problem to be solved by the invention) The drive system, 
excluding the sensor section, in the aforementioned 
electromagnetic suspension apparatus mainly consists of a power 
supply, a motor driving circuit and a motor which generates 
propulsive force and damping force. Currently, a power supply 
and motor are difficult to integrate and are separated, so a cable 
joining the power supply and motor to each other becomes 
necessary. Normally, the connections between power supply unit 
and motor driving circuit and between motor driving circuit and 
motor are made with cables. However, if these cables become 
open-circuited or if an open circuit occurs within the motor 
driving circuit (in case of uncontrolled operation), there is the 
problem that the motor is not only unable to generate propulsive 
force but also cannot generate damping force, so the motor 
assumes an undamped slate. Furthermore, there is the problem 
that if the ignition key is not turned on, or in cases of a dead 
battery or the like (in case of uncontrolled operation), no power is 
supplied to the motor driving circuit or motor, and the motor 
assumes an undamped state, just as described above. 
(0007) The present invention was made in view of the 
circumstances described above, its object being to provide an 
electromagnetic suspension apparatus capable of generating a 
damping force with the motor when control of the 
electromagnetic suspension apparatus is impossible due to an 
open circuit in a cable or the like (during uncontrolled operation). 
(0008) 

(Means for solving the problem) The invention described in 
claim I is an electromagnetic suspension apparatus comprising a 
suspension unit, which is provided with a pair of displacement 
members capable of relative displacement, w ith a magnet member 
being provided on one of said pair of displacement members and 
a coil member which together with said magnet member 
constitutes a motor being provided on the other displacement 
member, and which obtains propulsive force through 
electromagnetic force generated between said coil member and 
said magnet member due to electrification of said coil member 
and obtains damping force through electromotive force generated 
in said coil member due to relative displacement of said coil 
member and said magnet member; and a control means which 
controls electrification of said suspension unit, said 
electromagnetic suspension apparatus being characterized in that 
it is provided with an error detection means which detects errors 
in the signal provided from the control means to the suspension 
unit, and a shorting circuit which causes the coil member to form 
a closed loop. The invention described in claim 2 is characterized 
in that, in the configuration described in claim 1, said control 
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means is provided on the vehicle body side, said control means 
being connected to said suspension unit with a cable, and said 
shorting circuit is provided integrally with the suspension unit. 
(0009) 

(Modes of embodiment of the invention) The electromagnetic 
suspension apparatus of a first mode of embodiment of the 
present invention will be described based on Figures 1 through 6. 

(0010) In Figure 1 and Figure 2, electromagnetic suspension 
apparatus I is used in automobiles, and has four suspension units 
mounted between each wheel side member and the vehicle body. 
The suspension units corresponding to the right front wheel side 
member, left front wheel side member, right rear wheel side 
member, and left rear wheel side member will be referred to 
respectively as the right front wheel side, left front wheel side, 
right rear wheel side, and left rear wheel side suspension units 
2FR. 2FL, 2RR, and 2RL. The right front wheel side, left front 
wheel side, right rear wheel side, and left rear wheel side 
suspension units 2FR, 2FL. 2RR, and 2RL are each provided with 
a three-phase synchronous motor (respectively referred to as right 
front wheel side, left front wheel side, right rear wheel side and 
left rear wheel side motors 3FR, 3FL, 3RR and 3RL) comprising 
a star-connected U-phase coil. V-phase coil and W-phase coil 
(references omitted). The right front wheel side, left front wheel 
side, right rear wheel side, and left rear wheel side suspension 
units 2FR, 2FL, 2RR and 2RL have the same configuration, and 
may be referred to below collectively as suspension unit 2. 
Furthermore, the right front wheel side, left front wheel side, right 
rear wheel side, and left rear wheel side motors 3FR, 3FL, 3RR, 
and 3RL may be similarly referred to collectively as motor 3. 

(0011) A driver is connected to the right front wheel side, left 
front wheel side, right rear wheel side, and left rear wheel side 
motors 3FR. 3FL, 3RR and 3RL (referred to respectively as right 
front wheel side, left front wheel side, right rear wheel side, and 
left rear wheel side drivers 4FR. 4FL. 4RR and 4RL) to drive the 
motors 3. The right front wheel side, left front wheel side, right 
rear wheel side, and left rear wheel side drivers 4FR, 4FL, 4RR 
and 4RL have the same configuration, and may be referred to 
hereinafter collectively as driver 4. A driver 4 is provided on the 
suspension tower part corresponding to each wheel. The drivers 4 
are connected to a DC 36V motor power supply 5. 

(0012) A control device 7 (vibration and attitude control means) 
is connected as a control means to the driver 4 via serial 
communication bus 6. and operational instructions from the 
control device 7 to the driver 4 and various types of feedback 
from the driver 4 to the control device 7. etc. is all performed 
through serial communication (for example, serial communication 
based on the CAN (Controller Area Network) specification). In 
the serial communication protocol, a '•command" from control 
device 7 and a "response" from driver 4 form a set. and a 
"command" and "response" arc exchanged every set time interval 
(e.g. 5 ms) (in every control period of the control device 7). 

(0013) Furthermore, for example, if no "command" from the 
control device 7 to the driver 4 is transmitted for more than a set 



period of time (e.g. 20 ms), or if no "response" is transmitted 
from the driver 4 to the control device 7 for more than a set period 
of time (e.g. 20 ms), a system error is deemed to exist in the 
control device 7 or driver 4, and error handling such as 
"disconnection of motor power supply 5," "error display," etc. is 
carried out. An ABS (Anti-lock Brake System) control device 8 
and VDC (Vehicle Dynamics Control) control device 9 are 
connected to the serial communication bus 6. The ABS control 
device 8 and VDC control device 9 ensure vehicle travel stability. 
The electromagnetic suspension apparatus 1, ABS control device 
8, and VDC control device 9 are capable of coordinated 
operation. 

(0014) Control device 7 performs electrification of motor 7 and 
thus control of generation of propulsiv e force by motor 3, as well 
as control of damping force through electromotive force 
generation (use as an electric generator) of the motor 3. Three 
vertical acceleration sensors (hereinafter referred to as first, 
second and third vertical acceleration sensors) 10, 11. and 12 
which detect vertical vibration of the vehicle body, wheel speed 
sensor 13, steering wheel angle sensor 14, brake sensor 15, and 
DC 12V power supply (hereinafter referred to as I2V power 
supply) 16 are connected to control device 7. An external 
communication device 17 used for system diagnosis and the like 
is also connected to the control device 7. The first vertical 
acceleration sensor 10 is provided on the right front wheel 
suspension tower part, the second vertical acceleration sensor 1 1 
is provided on the left front wheel suspension tower part, and the 
third vertical acceleration sensor 12 is provided in the rear trunk 
part. 

(0015) Suspension unit 2, as shown in Figure 2. comprises an 
outer cylinder member 20 (one of the pair of displacement 
members) retained on the vehicle body side of the vehicle, and a 
rod 21 (the other of the pair of displacement members), whereof 
one end fits into the outer cylinder member 20 in a way that 
allows relative displacement and whereof the other end is 
supported on the vehicle axle side of the vehicle. A plurality of 
coils 22 (coil member) is provided over a predetermined length in 
the axial direction so as to lie between the outer cylinder member 
20 and rod 21, and a permanent magnet (magnet member) 23 is 
provided over a predetermined length in the axial direction on the 
outside of the rod 21. 

(0016) A cylindrical guide member (hereinafter referred to as first 
guide member) 24 is provided between the coils 22 and the rod 21 
(permanent magnet 23). and a sliding part (hereinafter referred to 
as first sliding part) 25 which slides over the first guide member 
24 is provided on one end of the rod 21. An annular guide 
member (hereinafter referred to as second guide member) 26 is 
installed on the open end of the outer cylinder member 20. A 
sliding part (hereinafter referred to as second sliding part) 27 
which slides over the rod 21 and guides the movement thereof is 
provided on the inside of the second guide member 26. Rod 21 is 
slidably supported in relation to outer cylinder member 20 by first 
sliding part 25 and second sliding part 27. 



(0017) The coils 22 are configured with a U-phase, V-phase, and 
W-phase alternating in the axial direction. Permanent magnet 23 
is configured with an N pole and S pole alternating in the axial 
direction. When the coils 22 are electrified, thrust is generated in 
the axial direction between the coils 22 and the permanent magnet 
23, and the outer cylinder member 20 and rod 21 undergo a 
relative displacement (stroke). The direction of the thrust is 
determined based on the direction of electrification of the coils 
22. In the present mode of embodiment, the aforementioned 
motor 3 comprises the coils 22, permanent magnet 23. the outer 
cylinder member 20 which supports coils 22, the rod 21 which 
supports the permanent magnet 23, etc. furthermore, when the 
outer cylinder member 20 and rod 21, and thus the coils 22 and 
permanent magnet 23, undergo relative displacement, 
electromotive force is generated in the coils 22 and the motor 3 
acts as an electric generator. Motor 3 or suspension unit 2 is 
provided with a position sensor 30 (see Figure 4), allowing the 
detection of relative displacement (stroke) of coils 22 and 
permanent magnet 23, or of the outer cylinder member 20 and rod 
21. 

(0018) Control device 7 comprises a ROM 31 which stores fixed 
data such as constants and the control program of the 
electromagnetic suspension apparatus 1; a CPU 32 which 
executes the control program and exercises overall control of the 
electromagnetic suspension apparatus I: RAM 33. which 
temporarily stores the computations results of CPU 32 and the 
like; and timer 34, which generates the sampling times, etc. 
Control device 7 additionally comprises an A/D converter 35 
which converts the analog signals from the first, second, and third 
vertical acceleration sensors 10. 11. and 12 to digital signals: a 
sensor i/o' interface (sensor i/o i/f) 36 which processes signals 
from wheel speed sensor 13, steering wheel angel sensor 14. and 
brake sensor 15; a CAN interface 37 for serial communication 
with the drivers 4, etc.; DC/DC power supply unit 38 which 
provides conversion from 12 V power supply 16 to 5 V, 3.3 V or 
other voltages required by the CPU 32, etc.; and external 
communication device interface 39, which exchanges signals with 
external communication device 17. In the present mode of 
embodiment, the power consumption limitation means is 
constituted as a sequence within the control program of control 
device 7 stored in ROM 31. 

(0019) In the present electromagnetic suspension apparatus I, 
among the states of the vehicle, vertical vibration of the vehicle 
body is detected by the first, second, and third vertical 
acceleration sensors, as discussed above. Furthermore, the 
magnitude of rolling and pitching of the vehicle body is evaluated 
on the basis of the detection signal of the aforementioned position 
sensor 30. or the stroke of the suspension unit 2 of each wheel, 
furthermore, detection of die slate of the vehicle is not limited to 
the aforementioned first, second, and third vertical acceleration 
sensors 10, II, and 12 and position sensor 30, and is also 
performed using wheel speed sensor 13, steering wheel angle 
sensor 14. and brake sensor 15. 



(0020) Based on the signals from the aforementioned first, 
second, and third vertical acceleration sensors 10. 1 1, and 12, the 
position sensor 30. the w heel speed sensor 13, the steering wheel 
angle sensor 14, and the brake sensor 15, the control device 7 
determines the magnitude of control of the suspension unit 2 of 
each wheel and sends drive signals to the motors 3 of the drivers 4 
so as to suppress vehicle vibration, attitude change, and unstable 
vehicle behavior, and to make the vehicle more stable in response 
to the vehicle speed and the driver's manipulation of the steering 
wheel, accelerator, and brake. 

(0021) The driver 4. as shown in Figure 4. comprises a ROM 
(hereinafter referred to as diner ROM) 40 which stores fixed data 
such as constants and a motor drive control program; a CPU 
(hereinafter referred to as driver CPU) 41 which executes said 
motor drive control program, controls communication with the 
control device 7 and exercises control over the drivers 4; RAM 
(hereinafter referred to as driver RAM) 42 which temporarily 
stores the computation results, etc. of driver CPU 41; a flash 
memory 43 which stores rewritable parameters, etc. and is treated 
as specific to the vehicle and driver, etc.; and a timer (hereinafter 
referred to as driver timer) 44 which generates the sampling 

(0022) Driver 4 further comprises a PWM signal generator 45 for 
driving of motor 3; FET 49 which is connected to motor power 
supply 5 (DC 36 V) via DC bus 47. converts the current from the 
motor power supply 5 to three-phase current for use for driving 
the motor 3, and outputs this current through motor connection 
wire 48 to the motor 3; a current detector 51 which is provided on 
the motor connection wire 48 and detects the drive current of the 
motor 3; and a line filter 53 provided on the output side of the 
motor connection wire 48. Furthermore, driver 4 comprises an 
A/D converter (hereinafter referred to as driver A/D converter) 54 
which converts analog signals from current detector 51 to digital 
signals; a position sensor interface (position sensor i/f) 55 which 
converts signals from the aforementioned position sensor 30 to 
digital signals and inputs them into driver CPU 41; and a relay 
interface (relay i/f) 60 which inputs relay control signals from 
driver CPU 41 into first and second relays 65 and 66. 

(0023) First and second relays 65 and 66 comprise an excitation 
coil (not illustrated) which allows input of relay control signals; 
and a normally closed contact point (not illustrated) which opens 
and closes in response to the relay control signal inputted into the 
excitation coil, and are fashioned as normally closed relays. When 
the relay control signal of the excitation coil is on, the 
aforementioned contact point (and thus the first and second relays 
65 and 66) opens (turns off). In this mode of embodiment, upon 
turning on the power supply (turning on the ignition switch) the 
relay control signal turns on and the first and second relays 65, 66 
open (turn off); normally, this state (the state where the first and 
second relavs 65, 66 are open (off)) is maintained. As will be 
discussed later, if a fault such an open circuit in a cable occurs (in 
case of uncontrolled operation), the relay control signal is turned 
off and the first and second relays 65, 66 are closed (turned on). 
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(0024) The driver 4 additionally comprises an overvoltage 
detector 56 which monitors the voltage of DC bus 47; an 
overheating detector 57 which detects overheating of FET 49; 
CAN i/f (hereinafter referred to as driver CAN interface) 58, 
which is an interface for serial communication with the control 
device 7: and a DC DC power supplv unit (hereinafter referred to 
as driver DC/DC power supply unit) 59 which performs 
conversion from motor power supply 5 to 5 V, 12 V, 15 V, or 
other voltages required for operation of the driver CPU 41 and 
other parts. 

(0025) Upon receiving a control command such as "servo ON" 
and the control magnitude, etc. for actually driving the motor 3 
from the control device 7 through serial communication bus 6, in 
every sampling time period (control period of driver 4), the driver 
4 acquires operating speed of the motor 3 and the phase angle 
(electrical angle) between the magnetic circuit formed by the 
permanent magnet 23 and the U-phase. V-phase. and W-phase 
coils 22 within the motor 3 based on the signal of the position 
sensor 30, and the current level and voltage level of coils 22 based 
on the signal from the current detector 51. and regulates the PWM 
signal generator 45 so as to obtain motor operation according to 
the motor driving instruction from the control device 7. The 
aforementioned control period of the driver 4 is set at, for 
example, 250 us, being substantially shorter than the control 
period of the control device 7 (e.g. 5 ms). 

(0026) In this electromagnetic suspension apparatus 1, when the 
rod 21 and outer cylinder member 20 undergo relative 
displacement due to vertical vibration of the vehicle body, 
electromotive force is generated in the coils 22. Namely, the 
motor 3 acts as an electric generator, and current flows through 
the coils 22, as a result of which, the suspension unit 2 (motor 3) 
generates resistance, i.e. damping force, according to the relative 
speed of the rod 21 and outer cylinder member 20. Furthermore, 
in accordance with the relative positional relationship (electrical 
angle) of the rod 21 and outer cylinder member 20, and thus the 
vertical vibration state of the vehicle body, if current is supplied 
to the coils 22, the motor 3 will act as a motor proper (actuator) 
and produce propulsive force, allowing the vibration suppressing 
effect of the suspension unit 2 to be improved. 

(0027) Figure 5 illustrates a circuit (shorting circuit) 80 which 
shorts the coils 22 in case of open circuit in a cable. The shorting 
circuit 80 comprises the aforementioned first relay 65 interposed 
between one end of the U-phase coil (the terminal part on the 
opposite side of the common contact terminal CI of the U-phase 
coil. V-phase coil, and W-phase coil) and one end of the V-phase 
coil (the terminal part on the opposite side of the common contact 
terminal CI), and [he aforementioned second rela\ 66 interposed 
between one end of the V-phase coil and one end of the W-phase 
coil (the terminal part on the opposite side of the common contact 
terminal CI), and is able to short the U-phase coil, V-phase coil 
and W-phase coil across the first and second relays 65 and 66, as 
discussed below. The shorting circuit 80 is provided in the 



(0028) The suspension unit 2 (motor 3) and the driver 4 mounted 
on the vehicle body side are connected via power cable 81 that 
connects to the U-phase coil, V-phase coil, and W-phase coil of 
the motor 3: position signal cable 82 that extends from the 
position sensor 30; a cable (relay control cable) 83 for control of 
the first and second relays 65 and 66: and ground cable 84. 
Furthermore, first, second, and third vertical acceleration sensors 
10. 1 I. and 12 and control device 7 are connected via acceleration 
signal cable 85. In this mode of embodiment, if any of the 
aforementioned cables (power cable 81, position signal cable 82, 
relay control cable 83, and acceleration signal cable 85) is open- 
circuited, or if a fault occurs such that no power is supplied from 
the battery (12 V power supply 16, motor power supply 5), etc. 
(such cases may be referred to hereinafter as power supply 
interruption) (in case of uncontrolled operation), the driver 4 turns 
off the relay control signal outputted to the first and second relays 

65, 66. 

(0029) As indicated above, the first and second relays 65 and 66 
are normally closed relays, and the relay control signal from the 
driver 4 is normally turned on and outputted to keep the first and 
second relays 65 and 66 in an open (off) state. In this normal 
stale, the first and second relays 65 and 66 are kept open, so the 
U-phase coil, V-phase coil, and W-phase coil are not shorted, and 
the motor 3 is normally controlled and is able to generate 
propulsive force (act as a motor proper) and damping force (act as 
an electric generator). 

(0030) If no relay control signal is outputted from the driver 4 (if 
the relay control signal is off), the first and second relays 65 and 
66 assume a closed (on) state (the same state as normally), and the 
U-phase coil, V-phase coil, and W-phase coil become shorted due 
to the closure (turning on) of the first and second relays 65 and 

66. In other words, in case of uncontrolled operation as described 
above (open-circuiting of one of the aforementioned cables or 
power supply interruption), the driver 4 turns off the relay control 
signal outputted to the first and second relays 65 and 66, and the 
U-phase coil, V-phase coil, and W-phase coil assume a shorted 

(0031) If the U-phase coil, V-phase coil, and W-phase coil are 
shorted, when the suspension unit 2 makes a stroke, the motor 3 
acts as an electric generator and generates resistance, in other 
words damping force, of a magnitude substantially proportional to 
the stroke speed. Below, examples of specific open circuit 
locations will be used to explain the method of open circuit 
detection (error detection means) and the control method in such 
cases. Detection of open circuit in the power cable 81 (the cable 
between the driver 4 and motor 3) is performed as follows. 

(0032) Namely, a current detector 51 is incorporated into the 
driver 4, which checks if the current level instructed by the driver 
CPU 41 is being accurately outputted to the U-phase coil, V- 
phase coil, and W-phase coil by detecting the outputted current, 
and feeds back the detected value to the driver CPU 41. If the 



power cable 81 is open-circuited, the current level fed back to the 
driver CPU 41 will present an abnormal value (a value indicating 
zero or very low current level). The driver CPU 41 uses this fact 
to determine the presence or absence of open circuit in the power 
cable 81. 

(0033) If the driver CPU 41 determines that an open circuit is 
present in the power cable 81 (if an open circuit has been detected 
in the power cable 81 ). it turns off the relay control signal, closing 
the first and second relass 65 and 66 and shorting the 1 -phase 
coil. V-phase coil, and W-phase coil through the first and second 
relays 65 and 66, and also stops the motor control and notifies the 
control device 7 about the open circuit detection. 

(0034) Next, determination of open circuit in the position signal 
cable 82 is performed as follows. If the position sensor 30 is a 
sensor of the type that constantly outputs a signal (e.g. the signal 
varies between 1 and 5 V), the presence of an open circuit can be 
determined if no signal is being outputted. Furthermore, for 
instance, in the case of a 0-5 V A. B phase pulse position sensor 
or the like, or a sensor which has states in which no output signal 
is outputted, the determination of open circuit in the position 
signal cable 82 or failure of position sensor 30 can be determined 
if the output of the position sensor is 0 V or does not change 
despite the fact that its output should change based on the output 
from the vertical acceleration sensor, etc. connected to the control 
device 7. If open circuit in the position signal cable 82 is detected, 
the control device 7 issues a notification of motor control stop to 
the driver 4. The driver CPU 41 then performs shorting of the U- 
phase coil, V-phase coil, and W-phase coil, stoppage of motor 
control and notification of the control device 7 regarding open 
circuit detection, in the same manner as described above. 

(0035) Open circuit in the relay control cable 83 is detected as 
follows. Here, in order to open (turn off) the first and second 
relays 65 and 66, it is necessary to pass an excitation current (a 
relay control signal whereof the content (signal level) is ON) 
through the relay control cable 83 and excite the excitation coils 
contained in the first and second relays 65 and 66. Open circuit in 
the relay control cable 83 is normally detected by monitoring the 
excitation current (relay control signal) by means of the relay i/f 
60 inside driver 4. If open circuit in the relay control cable 83 is 
detected, no signal is supplied to the first and second relays 65 
and 66, so these relays automatically close (return to their normal 
state), shorting the U-phase coil, V-phase coil, and W-phase coil. 
Furthermore, the driver CPU 41 turns off the relay control signal, 
stops motor control, and notifies the control device 7 about the 
open circuit detection. Here, the reason for turning off the relay 
control signal is that, while there would be no problem in cases of 
complete open circuit in the relay control cable, in cases of 
repeated open circuit followed by reconnection and open circuit, 
the first and second relays 65 and 66 will repeatedly open and 
close, and in order to prevent this, it is necessary to leave the relay 
control signal off. 

(0036) Furthermore, open circuit in the acceleration signal cable 



85 is detected as follows. In this mode of embodiment, the 
acceleration signal from the first, second, and third vertical 
acceleration sensors 10, 1 1, and 12 is set for instance to a signal 
output of 1 to 5 V, centered on 3 V, and when no signal is 
outputted from the first, second, and third vertical acceleration 
sensors 10, 1 1, and 12 (for example, when the output signal of the 
first, second, and third vertical acceleration sensors 10, 11, and 12 
is 0 V), it is stipulated that an open circuit can be determined to 
exist in the acceleration signal cable 85. The driver CPU 41 
performs detection of open circuit in the acceleration signal cable 
85 based on the acceleration signals from the first, second, and 
third vertical acceleration sensors 10, 11, and 12. If an open 
circuit is detected, the driver CPU 41 performs shorting of the U- 
phase coil, V-phase coil, and W-phase coil, stoppage of motor 
control, and notification of the control device 7 regarding open 
circuit detection, in the same manner as described above. 

(0037) Furthermore, if the control device 7 or driver 4 ceases to 
operate normally due to runaway operation or the like, the driver 
CPU 41 stops supplying power to the motor 3, closes the first and 
second relays 65 and 66. and puts the U-phase coil, V-phase coil, 
and W-phase coil into a shorted state. To determine the presence 
or absence of runaway operation, for example, the CPU is made 
to periodically access the relay i/f and PWM signal generator, and 
the relay i/f and PWM signal generator are provided with a 
function of determining the presence or absence of this periodic 
access and stopping the output in case of absence of the periodic 
access. As a result, in case of runaway operation, periodic access 
ceases to be performed, and thus the output from the relay i/f and 
PWM signal generator stops, supply of power to the motor 3 is 
discontinued, and the U-phase coil. V-phase coil, and W-phase 
coil are placed into a shorted state. Furthermore, if an open circuit 
occurs in the power supply cable 86 connecting the motor power 
supply 5 and the driver 4, and supply of power to the driver 4 
stops, the relay control signal is turned off. the first and second 
relays 65 and 66 close, and the U-phase coil. V-phase coil, and 
W-phase coil are placed into a shorted state. 

(0038) Furthermore, if an abnormal operation such as closing 
(turning on) of the first and second relays 65 and 66 due to some 
sort of factor occurs during normal operation of the system, a 
shorted loop (closed circuit) is formed before the U-phase coil, V- 
phase coil, and W-phase coil, and current ceases to be supplied 
from the driver 4 to the U-phase coil, V-phase coil, and W-phase 
coil. In such cases, excess current corresponding to the removed 
resistance of the coils 22 flows through the power cable 81, and 
current level feedback anomalies (excess current levels) are 
detected by current detector 51, so the driver CPU 41 detects 
errors in the first and second relays 65 and 66. 

(0039) If an error is detected in the first and second relays 65 and 
66, the driver CPU 41 performs shorting of the U-phase coil. V- 
phase coil, and W-phase coil, and stoppage of motor control and 
notification of the control device 7 regarding open circuit 
detection, in the same manner as described above. 
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(0040) The above operation will be summarized based on the 
How chart of Figure 6 Driver CPU 41 accepts a control command 
from control device 7 (step Sll) and determines if there is an 
error handling request from the control device 7 (step S12). If the 
decision in step S12 is No (if error handling is not necessary), the 
driver CPU 41 reads position data from position sensor 30 for 
control of motor 3 (step SI 3). 

(0041) Based on the reading of position data in step SI 3, the 
presence or absence of open circuit in position signal cable 82 is 
determined (step SI 4). In the next step 15, motor control logic is 
executed, the positional relationship of the magnet 23 and the 
coils 22 of the motor 3 is ascertained based on position data, and 
the current levels, etc. of the U-phase coil. V-phase coil, and W- 
phase coil are ascertained based on current level feedback (before 
1 sampling), and the control magnitude for the motor 3 is 
determined based on the required torque and speed of the motor 3, 

(0042) Next, FET 49 is switched via the PWM signal generator 
45 to adjust the voltage impressed on the U-phase coil. V-phase 
coil, and W-phase coil and controls the motor 3 to generate the 
prescribed torque and attain the prescribed speed (step SI 6). 
Subsequently, current level feedback of the U-phase coil. V-phase 
coil, and W-phase coil is received by current detector 51 (step 
SI 7) and the presence/absence of open circuit is determined (step 

518) . 

(0043) If the decision in step S12 is Yes (error handling is 
required), or if the decision in step S14 is Yes (open circuit is 
present), power to the motor 3 is cut, and error handling such as 
shorting of the first and second relays 65 and 66 and transmission 
of error handling status to the control device 7 is performed (step 

519) . 

(0044) As discussed above, the suspension unit 2 is able to 
generate damping force even during so-called uncontrolled 
operation, such as in cases of power supply interruption, open 
circuit in a cable, dead battery (power supply interruption), 
runaway operation of the control device 7 and driver 4. or turning 
off of the ignition switch, thereby greatly improving safety. 

(0045) If the type of first and second relays 65 and 66 selected is 
one which allows passing large currents, the risk of breakdown 
will be reduced. By using a relay type that allows passing of large 
currents for the first and second relays 65 and 66, the suspension 
unit will be able to generate stable damping force for a long time 
even during uncontrolled operation, further improving safety. 

(0046) Next, a second mode of embodiment of the present 
invention will be described based on Figure 7 and Figure 8. The 
electromagnetic suspension device of the second mode of 
embodiment, as shown in Figure 7 and Figure 8. has an FET 
circuit 49A instead of the aforementioned FET 49. FET circuit 
49A has six FETs (hereinafter referred to as first through sixth 



FETs) 541 through 546. The source (S) of the first FET 541 is 
connected to the drain (D) of the second FET 542, and the 
connection area thereof is connected to the U-phase coil. The 
source (S) of the third FET 543 is connected to the drain (D) of 
the fourth FET 544. and the connection area thereof is connected 
to the V-phase coil. The source (S) of the fifth FET 545 is 
connected to the drain (D) of the sixth FET 546, and the 
connection area thereof is connected to the W-phase coil. 

(0047) Six control wires 90 extend from the PWM signal 
generator 45 to FE I circuit 49A. three of which are connected to 
the gates (G) of the first, third, and fifth FETs 541, 543, and 545 
(which may be referred to hereinafter as upper arm FETs). The 
other three signal wires 90 of the aforementioned six control 
wires 90 are connected to the gates (G) of the second, fourth, and 
sixths FETs 542, 544. and 546 via a shorting auxiliary circuit 
(hereinafter referred to as first shorting auxiliary circuit) 80A. In 
this second mode of embodiment, the first shorting auxiliary 
circuit 80A and the second, fourth and sixths FETs 542, 544, and 
546 form the shorting circuit. 

(0048) The first FET 541 comprises a freewheeling diode 91 
which connects the source (S) and drain (D) and permits 
electricity to pass through the freewheeling diode 91 from the 
source (S) to the drain (D). A freewheeling diode is connected 
between the source and drain of the second through sixths FETs 
542 through 546 as well, just as in the case of the first FET 541. 

(0049) The drains (D) of the first, third, and fifth FETs 541, 543. 
and 545 (upper arm FETs) are connected to the plus (+) terminal 
of the motor power supply 5. Furthermore, the sources (S) of the 
second, fourth, and sixths FETs 542, 544, and 546 (lower arm 
FETs) are connected to the minus (-) terminal of the motor power 
supply 5. 

(0050) The aforementioned first shorting auxiliary circuit 80A 
comprises a npn type transistor (hereinafter referred to as first 
transistor) 70 and a pnp type transistor (hereinafter referred to as 
second transistor) 71. The emitter (E) of the first transistor 70 and 
the emitter (E) of the second transistor are connected, and the 
connection area thereof is connected to the gates (G) of the 
second, fourth, and sixths FETs 542, 544, and 546 (lower arm 
FETs) (in Figure 8, only the second FET 542 is excited). The base 
(B) of the first transistor 70 and the base (B) of the second 
transistor are connected, and the connection area thereof is 
connected to the control wire 90 of the PWM signal generator 45. 
The collector (C) of the first transistor 70 is connected to a 15 V 
FET gate driving power supply 92. The collector (C) of the 
second transistor 71 is grounded. 

(0051) Series-connected diode 67 and resistor 68 are connected in 
parallel to the drains (D) and gates (G) of the second, fourth, and 
sixths FETs 542, 544, and 546 (lower arm FETs). A grounded 
Zener diode 69 is connected to the gates (G) of the second, fourth 
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and sixths FETs 542, 544. and 546. preventing the application of 
high voltage of any of the aforementioned gates (G). A capacitor 
93 is connected in parallel to each Zener diode 69. 

(0052) In this second mode of embodiment, as discussed below, 
shorting of the U-phase coil, V-phase coil, and W-phase coil is 
achieved by means of the first shorting auxiliary circuit 80A, and 
the first and second relays 65 and 66 (shorting circuit 80) used in 
the first mode of embodiment described above are eliminated. In 
this second mode of embodiment. lor example if an open circuit 
occurs in the control wire 90 for the second FET 542, the first and 
second transistors 70 and 71 will not operate, since no voltage 
will be applied to their bases (1!) In such a case, a stroke of the 
suspension unit 2 will cause the motor 3 to act as an electric 
generator, counter-electromotive voltage will arise between 
phases U and V, and if the U-phase voltage is higher, U-phase 
counter-electromotive voltage will be applied to the drain (D) of 
the second FET 542. 

(0053) Furthermore, voltage is applied to the gate (G) of the 
second FET 542 through diode 67 and resistor 68, making it 
possible to make the second FET 542 conduct (turn it on). As a 
result, current will flow from the drain (D) side of the second FET 
542 to the source, and current will flow to the V-phase coil and 
W-phase coil through the freewheeling diode 91 comprised in the 
fourth FET 544 corresponding to the V-phase coil (in other words 
the U-phase coil, V-phase coil, and W-phase coil will assumed a 
shorted state), and the suspension unit 2 will generate damping 
force. 

(0054) It will be noted that counter-electromotive voltage is 
applied to the gate (G) of the second FET 542 through diode 67 
during normal operation as well, but since the second and first 
transistors 70 and 71 operate, if the resistance value of resistor 68 
is made adequately large, the switching operation of the second 
FET 542 will not be affected. In other words, if the power cable 
81 connected to the motor 3 becomes open-circuited, strokes 
made by the suspension unit 2 will cause the motor 3 to act as an 
electric generator, the second FET 542 will automatically conduct 
(turn on) due to counter-electromotive voltage, the coils of each 
phase will be shorted, and current will flow, as a result of which, 
the suspension unit 2 will generate damping force. 

(0055) In this second mode of embodiment, even if the gate 
control signal of the second FET 542 of the driver 4 experiences 
an open circuit, using the counter-electromotive voltage of the 
motor 3 to make t he second FF'l 542 conduct (turn it on) makes it 
possible for damping force to be generated even if there is an 
open circuit. It will be noted that since the counter-electromotive 
voltage of motor 3 is used, it will not be possible of course to 
cause the second FET 542 to conduct (turn it on) if the suspension 
unit is not making strokes, or if the stroke speed is low and the 
counter-electromotive voltage is low. Thus, it will not be possible 
to generate damping force when the stroke speed is low. 

(0056) Next, a third mode of embodiment of the present invention 



will be described based on Figure 9 and Figure 10. The 
electromagnetic suspension device of the third mode of 
embodiment, as shown in Figure 9 and Figure 10. eliminates the 
FET gate driving power supply 92 of the second mode of 
embodiment and is made such that the lower arm FETs, i.e. the 
second, fourth and sixth FETs 542, 544, and 546 (in the following, 
for the sake of expediency, the second FET 542 will be used as 
the example for description) can conduct (turn on) even when the 
stroke speed of the suspension unit 2 is low and the counter- 
electromotive voltage is low. allowing damping force to he 
generated ev en in the low range of stroke speed. 

(0057) The third mode of embodiment has FET circuit 49B 
instead of the FET circuit 49A in the second mode of embodiment. 
FET circuit 49B has a second shorting auxiliary circuit 80B 
instead of the first shorting auxiliary circuit 80A of FET circuit 
49A. The second shorting auxiliary circuit 80B has a third and 
fourth transistors 72 and 73 instead of the second and first 
transistors 70 and 71 of the first shorting auxiliary circuit 80A. 
The emitters of the third and fourth transistors 72 and 73 are 
connected, and the connection area thereof is connected to the 
gate of the second FET 542. The bases of the third and fourth 
transistors 72. 73 are connected, and to the connection area 
thereof is connected the collector of an npn type fifth transistor 95 
with a grounded emitter. Control wire 90 is connected to the base 
(B) of the fifth transistor 95. 

(0058) The collector of the third transistor 72 and the drain of the 
second FET 542 are connected across series-connected diode 74 
and resistor 75. The collector and emitter of the third transistor 72 
are connected via a resistor 78. One end of capacitor 76, whereof 
the other end is grounded, is connected to the connection area of 
resistor 78 and resistor 75. Zener diode 77 is connected in parallel 
to capacitor 76. Furthermore, the collector of the third transistor 
72 and the collector of the fifth transistor 95 are connected across 
resistor 96. 

(0059) In this third mode of embodiment, when the drain voltage 
of the second FET 542 is high, in other words, when a voltage is 
applied to the drain of the second FET 542 due to counter- 
electromotive voltage of the motor 3, or when the first FET 541 
on the upper arm side is on, a charge accumulates in capacitor 76 
through diode 74 and resistor 75. This voltage is set to a voltage 
adequately capable of driving the gate of the second FET 542, and 
is maintained at a constant voltage by Zener diode 77. 

(0060) The voltage accumulated in capacitor 76 serves as a power 
supply for gate driving, and the gate of the second FET 542 is 
driven by the third and fourth transistors 72 and 73. The gate 
control signal has negative logic: the gate of the second FET 542 
turns on when the gate control signal is at low level and turns off 
when the gate control signal is at high level. If the gate signal 
ceases to be generated due to open circuit or the like, the voltage 
accumulated in the capacitor 76 is applied to the gate of the 
second FET 542 via resistor 78, the second FET 542 is turned on. 



and damping force is generated. In such cases, even if the stroke 
speed of the suspension unit 2 is low and counter-eiectromotive 
voltage is low, the lower arm FETs, i.e. the second, fourth, and 
sixth FETs 542, 544, and 546 (in the following, for the sake of 
expediency, the second FF.T 542 will be used as the example for 
description) are able to conduct (able to turn on), allowing 
damping force to be generated even in the low range of stroke 
speed. 

(0061) The above first through third modes of embodiment were 
examples of cases where the suspension unit 2 had a cylindrical 
linear motor structure, but a suspension unit 2A as shown in 
Figure I 1 ma\ be used instead, fhe suspension unit 2A shown in 
Figure 1 I comprises an outer c\ linder member 20A: a cylindrical 
rod 21 A whereof one end is inserted into outer cylinder member 
20A and the other end protrudes from the outer cylinder member 
20A; a ball nut 165 secured to one end of the rod 2 1 A; and a ball 
screw 167 which engages with ball nut 165 and is rotatably 
supported via bearing 166 by the outer cylinder member 20A. 
Suspension unit 2A further comprises a permanent magnet 23A 
secured to a shaft 168 coaxial with ball screw 167; a coil 22A 
secured to the outer cylinder member 20A; and an unillustrated 
core material provided inside coil 22A. An annular guide member 
69 is installed at the open end of the outer cylinder member 20A, 
and a sliding part 170 which slides over rod 21 A and guides rod 
21 A is provided on the inside of guide member 169. 

(0062) In this suspension unit 2A, electrification of coil 22A 
causes electromagnetic force to be generated between coil 22A 
and permanent magnet 23A, the permanent magnet 23A (shaft 68) 
and thus the ball screw 167 rotate, and as a result, the rod 21 A is 
axially displaced relative to outer cylinder member 20A via ball 
nut 165, generating propulsive force and making it possible to 
improve the vibration suppressing effect. 

Furthermore, if the rod 21 A and outer cylinder member 20A 
undergo relative displacement in the axial direction due to vertical 
vibration of the vehicle body, the axial movement is converted to 
rotary movement by the ball nut 165 and ball screw 167, the 
permanent magnet 23 A (shaft 168) rotates, electromotive force is 
generated in coil 22A, and resistance, in other words damping 
force, is generated according to the relative speed of the rod 21 A 
and outer cylinder member 20A. 

(0063) The first through third modes of embodiment described 
above used examples where the U-phase coil, V-phase coil, and 
W-phase coil are shorted in case of uncontrolled operation. For 
this shorting, one may also insert a resistor and consume the 
power generated when the motor 3 operates as an electrical 
generator. 



(0064) 

(Effect OF THE invention) According to the invention described 
in claim 1, a shorting circuit is provided which causes the coil 
member to form a closed loop in cases of error in the signals 
supplied to the suspension unit, such as in cases of an open- 
circuited cable, which makes it possible to obtain damping force 
through electromotive force generated in the coil member due to 
strokes of the suspension unit, making it possible to avoid states 
of no damping force which could occur in the prior art in case of 
fault. Furthermore, according to the invention described in chum 
2, the shorting circuit is provided integrally with the suspension 
unit, thereby making it possible to actuate the shorting circuit 
even when a fault has occurred in the control means or cables. 
(Brief description of the drawings) 

(Figure I ) A drawing schematically showing the electromagnetic 
suspension device according to a first mode of embodiment of the 
present invention. 

(Figure 2) A cross-sectional view showing the suspension unit of 
Figure I. 

(Figure 3) A block diagram schematically showing the control 
device of Figure I. 

(Figure 4) A block diagram schematically showing the driver of 
Figure 1. 

(Figure 5) A diagram showing the shorting circuit of the 
electromagnetic suspension device of Figure 1, which employs 
relays. 

(Figure 6) A flow chart representing the operation of the 
electromagnetic suspension device of Figure 1. 
(Figure 7) A drawing schematically showing the electromagnetic 
suspension device according to a second mode of embodiment of 
the present invention. 

(Figure 8) A drawing illustrating the first shorting auxiliary circuit 
of Figure 7. 

(Figure 9) A drawing schematically showing a third mode of 
embodiment of the present invention. 

(Figure 10) A drawing illustrating the second shorting auxiliary 
circuit of Figure 8. 

(Figure 1 1 ) A cross-sectional view showing another suspension 
unit that replaces the suspension unit of Figure 2. 

(EXPLANATION Ot- REFERENCES) 

1 Flectroinagnetie suspension device 

2 Suspension unit 

3 Motor 

22 Coil (coil member) 

23 Permanent magnet (magnet member) 

65 First relay (shorting circuit) 

66 Second relay (shorting circuit) 
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(54) (TITLE OF THE INVENTION) Electromagnetic suspension 
apparatus 

(57) (Abstract) 

(PROBLEM) To provide an electromagnetic suspension apparatus 
capable of generating a damping force with a motor when control of 
the electromagnetic suspension apparatus is impossible due to an 
open circuit in a cable, etc. (during uncontrolled operation). 
(MEANS FOR SOLVING) If an open circuit in power cable 81 is 
detected, a relay control signal is turned off, closing first and second 
relays 65 and 66 and shorting a U-phase coil, V-phase coil, and W- 
phase coil via first and second relays 65 and 66. Thus, when the 
suspension unit makes a stroke, a motor 3 provided on the suspension 
unit acts as an electric generator, generating resistance, in other words 
a damping force, of a magnitude substantially proportional to the 
stroke speed. 



(Scope of Patent Claims) 

(Claim 1 ) An electromagnetic suspension apparatus comprising a 
suspension unit, which is provided with a pair of displacement 



members capable 
of relative 
displac 




with a magnet member being provided on one of said pair of 
displaeement members and a coil member which together with 
said magnet member constitutes a motor being provided on the 
other displacement member, and which obtains propulsive force 
through electromagnetic force generated between said coil 
member and said magnet member due to electrification of said 
coil member and obtains damping force through electromotive 
force generated in said coil member due to relative displacement 
of said coil member and said magnet member: and a control 
means which controls electrification of said suspension unit, said 
electromagnetic suspension apparatus being characterized in that 
it is provided with an error detection means which detects errors 
in the signal provided from the control means to the suspension 
unit, and a shorting circuit which causes the coil member to form 
a closed loop. 

(Claim 2) The electromagnetic suspension apparatus described in 
claim 1, characterized in that said control means is provided on 
the vehicle body side, said control means being connected to said 
suspension unit with a cable, and said shorting circuit is provided 
integrally with the suspension unit. 
(Detailed description of the invention) 
(0001) 

(Technical field of the invention) The present invention 
concerns actuators and dampers for vibration suppression using 
electromagnetic force, and particularly relates to electromagnetic 
suspension apparatus suitable for use in automobiles, 
motorcycles, rail cars, structures, buildings, etc. 
(0002) 

(Prior art) Examples of conventional electromagnetic- 
suspension apparatus include electromagnetic suspension 
apparatus which, instead of a damping force generating 
mechanism such as the orifice of a hydraulic damper, employ a 
linear motor, or a rotary motor and a linear-rotary motion 
conversion mechanism which converts the rotary motion of the 
rotor of the rotary motor to linear motion. Electrifying such an 
electromagnetic suspension apparatus causes displacement of the 
movable parts and makes the motor active!) operate as a motor 
proper (an actuator), while using the motor as an electric 
generator (passivelv ) generates damping force. 

(0003) When the motor is used as an electric generator, the 
resistance, in other words the damping force, generated by the 
motor (electric generator) is proportional to the magnitude of the 
current Mowing to the coil, so the damping force can be made 
variable by adjusting the magnitude of the current flowing to the 
coil. Adjustment of the current flowing to the coil can be easily 
implemented, for instance. b> providing a \ariahle resistor w ithin 
the circuit, or providing a switch which turns the circuit on and 
off and controlling the on-off time ratio of the switch. 

(0004) Thus, variably controlling the damping force of an 
electromagnetic suspension apparatus according to the stroke 
speed and stroke position, or variahh controlling it in real time to 
suppress vibration of the control target so as to provide as a so- 
called semi-active damper is relative!) easy, furthermore, when it 
is configured as a semi-active damper in this manner (used as an 
electric generator), there is no need to provide electric energy to 



the electromagnetic suspension apparatus, making it possible to 
greatly reduce power consumption. 

(0005) Furthermore, if an electromagnetic suspension apparatus is 
provided with electrical energy and used as a motor, it is easy to 
generate an arbitrary force, which makes it possible to apply force 
so as to increase the damping force, or generate an arbitrary 
control force to operate the apparatus as an active suspension and 
increase the vibration suppression effect, and methods of 
increasing the vibration suppression effect in this manner have 
been proposed as well. Direct current motors and synchronous 
motors are used as motors in the above-described electromagnetic 
suspension apparatus. 
(0006) 

(Problem to be solved by the invention) The drive system, 
excluding the sensor section, in the aforementioned 
electromagnetic suspension apparatus mainly consists of a power 
supply, a motor driving circuit and a motor which generates 
propulsive force and damping force. Currently, a power supply 
and motor are difficult to integrate and are separated, so a cable 
joining the power supply and motor to each other becomes 
necessary. Normally, the connections between power supply unit 
and motor driving circuit and between motor driving circuit and 
motor are made with cables. However, if these cables become 
open-circuited or if an open circuit occurs within the motor 
driving circuit (in case of uncontrolled operation), there is the 
problem that the motor is not only unable to generate propulsive 
force but also cannot generate damping force, so the motor 
assumes an undamped state. Furthermore, there is the problem 
that if the ignition key is not turned on, or in cases of a dead 
battery or the like (in case of uncontrolled operation), no power is 
supplied to the motor driving circuit or motor, and the motor 
assumes an undamped state, just as described above. 
(0007) The present invention was made in view of the 
circumstances described above, its object being to provide an 
electromagnetic suspension apparatus capable of generating a 
damping force with the motor when control of the 
electromagnetic suspension apparatus is impossible due to an 
open circuit in a cable or the like (during uncontrolled operation). 
(0008) 

(Means for solving the problem) The invention described in 
claim 1 is an electromagnetic suspension apparatus comprising a 
suspension unit, which is provided with a pair of displacement 
members capable of relative displacement, with a magnet member 
being provided on one of said pair of displacement members and 
a coil member which together with said magnet member 
constitutes a motor being provided on the other displacement 
member, and which obtains propulsive force through 
electromagnetic force generated between said coil member and 
said magnet member due to electrification of said coil member 
and obtains damping force through electromotive force generated 
in said coil member due to relative displacement of said coil 
member and said magnet member: and a control means which 
controls electrification of said suspension unit, said 
electromagnetic suspension apparatus being characterized in that 
it is provided with an error detection means which detects errors 
in the signal provided from the control means to the suspension 
unit, and a shorting circuit which causes the coil member to form 
a closed loop. The invention described in claim 2 is characterized 
in that, in the configuration described in claim 1. said control 
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means is provided on the vehicle body side, said control means 
being connected to said suspension unit with a cable, and said 
shorting circuit is provided integrally with the suspension unit. 
(0009) 

(Modes of embodiment of the invention) The electromagnetic 
suspension apparatus of a first mode of embodiment of the 
present invention will be described based on Figures 1 through 6. 

(0010) In Figure 1 and Figure 2, electromagnetic suspension 
apparatus 1 is used in automobiles, and has lour suspension units 
mounted between each wheel side member and the vehicle body. 
The suspension units corresponding to the right front wheel side 
member, left front wheel side member, right rear wheel side 
member, and left rear wheel side member will be referred to 
respectively as the right front wheel side, left front wheel side, 
right rear wheel side, and left rear wheel side suspension units 
2FR. 2FL, 2RR. and 2RL. The right front wheel side, left front 
wheel side, right rear wheel side, and left rear wheel side 
suspension units 2FR. 2FL. 2RR, and 2RL are each provided with 
a three-phase synchronous motor (respectively referred to as right 
front wheel side, left front wheel side, right rear wheel side and 
left rear wheel side motors 3FR, 3FL. 3RR and 3RL) comprising 
a star-connected U-phase coil, V-phase coil and W-phase coil 
(references omitted). The right front wheel side, left front wheel 
side, right rear wheel side, and left rear wheel side suspension 
units 2FR, 2FL. 2RR and 2RL have the same configuration, and 
may be referred to below collectively as suspension unit 2. 
Furthermore, the right front wheel side, left front wheel side, right 
rear wheel side, and left rear wheel side motors 3FR, 3FL, 3RR, 
and 3RL may be similarly referred to collectively as motor 3. 

(0011) A driver is connected to the right front wheel side, left 
front wheel side, right rear wheel side, and left rear wheel side 
motors 3FR, 3FL. 3RR and 3RL (referred to respectively as right 
front wheel side, left front wheel side, right rear wheel side, and 
left rear wheel side drivers 4FR, 4FL, 4RR and 4RL) to drive the 
motors 3. The right front wheel side, left front wheel side, right 
rear wheel side, and left rear wheel side drivers 4FR, 4FL, 4RR 
and 4RL have the same configuration, and may be referred to 
hereinafter collectively as driver 4. A driver 4 is provided on the 
suspension tower part corresponding to each wheel. The drivers 4 
are connected to a DC 36V motor power supply 5. 

(0012) A control device 7 (vibration and attitude control means) 
is connected as a control means to the driver 4 via serial 
communication bus 6, and operational instructions from the 
control device 7 to the driver 4 and various types of feedback 
from the driver 4 to the control device 7, etc. is all performed 
through serial communication (for example, serial communication 
based on the CAN (Controller Area Network) specification). In 
the serial communication protocol, a "command" from control 
device 7 and a "response" from driver 4 form a set, and a 
"command" and "response" are exchanged every set time interval 
(e.g. 5 ms)(in every control period of the control device 7), 

(0013) Furthermore, for example, if no '•command" from the 
control device 7 to the driver 4 is transmitted for more than a set 



period of time (e.g. 20 ms), or if no "response" is transmitted 
from the driver 4 to the control device 7 for more than a set period 
of time (e.g. 20 ms), a system error is deemed to exist in the 
control device 7 or driver 4, and error handling such as 
"disconnection of motor power supply 5," "error display," etc. is 
carried out. An ABS (Anti-lock Brake System) control device 8 
and VDC (Vehicle Dynamics Control) control device 9 are 
connected to the serial communication bus 6. The ABS control 
device 8 and VDC control device 9 ensure vehicle travel stability. 
The electromagnetic suspension apparatus 1, ABS control device 
8, and VDC control device 9 are capable of coordinated 
operation. 

(0014) Control device 7 performs electrification of motor 7 and 
thus control of generation of propulsive force by motor 3. as well 
as control of damping force through electromotive force 
generation (use as an electric generator) of the motor 3. Three 
vertical acceleration sensors (hereinafter referred to as first, 
second and third vertical acceleration sensors) 10, 11, and 12 
which detect vertical vibration of the vehicle body, wheel speed 
sensor 13. steering wheel angle sensor 14, brake sensor 15, and 
DC I2V power supply (hereinafter referred to as 12V power 
supply) 16 are connected to control device 7. An external 
communication device 17 used for system diagnosis and the like 
is also connected to the control device 7. The first vertical 
acceleration sensor 10 is provided on the right front wheel 
suspension tower part, the second vertical acceleration sensor 1 1 
is provided on the left front wheel suspension tower part, and the 
third vertical acceleration sensor 12 is provided in the rear trunk 
part. 

(0015) Suspension unit 2. as shown in Figure 2, comprises an 
outer cylinder member 20 (one of the pair of displacement 
members) retained on the vehicle body side of the vehicle, and a 
rod 21 (the other of the pair of displacement members), whereof 
one end fits into the outer cylinder member 20 in a way that 
allows relative displacement and whereof the other end is 
supported on the vehicle axle side of the vehicle. A plurality of 
coils 22 (coil member) is provided over a predetermined length in 
the axial direction so as to lie between the outer cylinder member 
20 and rod 21, and a permanent magnet (magnet member) 23 is 
provided over a predetermined length in the axial direction on the 
outside of the rod 21. 

(0016) A cylindrical guide member (hereinafter referred to as first 
guide member) 24 is provided between the coils 22 and the rod 21 
(permanent magnet 23). and a sliding part (hereinafter referred to 
as first sliding part) 25 which slides over the first guide member 
24 is provided on one end of the rod 21. An annular guide 
member (hereinafter referred to as second guide member) 26 is 
installed on the open end of the outer cylinder member 20. A 
sliding part (hereinafter referred to as second sliding part) 27 
which slides over the rod 2 1 and guides the movement thereof is 
provided on the inside of the second guide member 26. Rod 21 is 
slidably supported in relation to outer cylinder member 20 by first 
sliding part 25 and second sliding part 27. 



(0017) The coils 22 are configured with a U-phase. V-phase, and 
W-phase alternating in the axial direction. Permanent magnet 23 
is configured with an N pole and S pole alternating in the axial 
direction. When the coils 22 are electrified, thrust is generated in 
the axial direction between the coils 22 and the permanent magnet 
23. and the outer cylinder member 20 and rod 21 undergo a 
relative displacement (stroke). The direction of the thrust is 
determined based on the direction of electrification of the coils 
22. In the present mode of embodiment, the aforementioned 
motor 3 comprises the coils 22. permanent magnet 23. the outer 
cylinder member 20 winch supports coils 22, the rod 21 which 
supports the permanent magnet 23, etc. Furthermore, when the 
outer cylinder member 20 and rod 21, and thus the coils 22 and 
permanent magnet 23, undergo relative displacement, 
electromotive force is generated in the coils 22 and the motor 3 
acts as an electric generator. Motor 3 or suspension unit 2 is 
provided with a position sensor 30 (see Figure 4), allowing the 
detection of relative displacement (stroke) of coils 22 and 
permanent magnet 23, or of the outer cylinder member 20 and rod 
21. 

(0018) Control device 7 comprises a ROM 31 which stores fixed 
data such as constants and the control program of the 
electromagnetic suspension apparatus I: a CPU 32 which 
executes the control program and exercises overall control of the 
electromagnetic suspension apparatus 1: RAM 33, which 
temporarily stores the computations results of CPU 32 and the 
like; and timer 34, which generates the sampling times, etc. 
Control device 7 adclilion.il l> comprises an A/D converter 35 
which converts the analog signals from the first, second, and third 
vertical acceleration sensors 10, II, and 12 to digital signals; a 
sensor i/o interface (sensor i/o i/f) 36 which processes signals 
from wheel speed sensor 13, steering wheel angel sensor 14, and 
brake sensor 15; a CAN interface 37 for serial communication 
with the drivers 4, etc.; DC/DC power supply unit 38 which 
provides conversion from 12 V power supply 16 to 5 V, 3.3 V or 
other voltages required by the CPU 32, etc.; and external 
communication device interface 39, which exchanges signals with 
external communication device 17. In the present mode of 
embodiment, the power consumption limitation means is 
constituted as a sequence within the control program of control 
device 7 stored in ROM 31. 

(0019) In the present electromagnetic suspension apparatus I, 
among the stales of the vehicle, vertical vibration of the vehicle 
body is detected by the first, second, and third vertical 
acceleration sensors, as discussed above. Furthermore, the 
magnitude of rolling and pitching of the vehicle body is evaluated 
on the basis of the detection signal of the aforementioned position 
sensor 30, or the stroke of the suspension unit 2 of each wheel. 
Furthermore, detection of the state of the vehicle is not limited to 
the aforementioned first, second, and third vertical acceleration 
sensors 10. 11, and 12 and position sensor 30, and is also 
performed using wheel speed sensor 13, steering wheel angle 
sensor 14, and brake sensor 15. 



(0020) Based on the signals from the aforementioned first, 
second, and third vertical acceleration sensors 10, 1 1, and 12, the 
position sensor 30, the w heel speed sensor 13. the steering wheel 
angle sensor 14, and the brake sensor 15, the control device 7 
determines the magnitude of control of the suspension unit 2 of 
each wheel and sends drive signals to the motors 3 of the drivers 4 
so as to suppress vehicle vibration, attitude change, and unstable 
vehicle behavior, and to make the vehicle more stable in response 
to the vehicle speed and the driver's manipulation of the steering 
wheel, accelerator, and brake. 

(0021) The driver 4, as shown in Figure 4, comprises a ROM 
(hereinafter referred to as driver ROM) 40 which stores fixed data 
such as constants and a motor drive control program; a CPU 
(hereinafter referred to as driver CPU) 41 which executes said 
motor drive control program, controls communication with (de- 
control device 7 and exercises control over the drivers 4; RAM 
(hereinafter referred to as driver RAM) 42 which temporarily 
stores the computation results, etc. of driver CPU 41; a flash 
memory 43 which stores rewritable parameters, etc. and is treated 
as specific to the vehicle and driver, etc.; and a timer (hereinafter 
referred to as driver timer) 44 which generates the sampling 

(0022) Driver 4 further comprises a PWM signal generator 45 for 
driving of motor 3: FET 49 which is connected to motor power 
supply 5 (DC 36 V) via DC bus 47. converts the current from the 
motor power supply 5 to three-phase current for use for driving 
the motor 3. and outputs this current through motor connection 
wire 48 to the motor 3; a current detector 5 1 which is provided on 
the motor connection wire 48 and detects the drive current of the 
motor 3; and a line filter 53 provided on the output side of the 
motor connection wire 48. Furthermore, driver 4 comprises an 
A/D converter (hereinafter referred to as driver A/D converter) 54 
which converts analog signals from current detector 5 1 to digital 
signals; a position sensor interface (position sensor i/f) 55 which 
converts signals from the aforementioned position sensor 30 to 
digital signals and inputs them into driver CPU 41; and a relay 
interface (relay i/f) 60 which inputs relay control signals from 
driver CPU 41 into first and second relays 65 and 66. 

(0023) First and second relays 65 and 66 comprise an excitation 
coil (not illustrated) which allows input of relay control signals; 
and a normally closed contact point (not illustrated) which opens 
and closes in response to the relay control signal inputted into the 
excitation coil, and are fashioned as normally closed relays. When 
the relay control signal of the excitation coil is on, the 
aforementioned contact point (and thus the first and second relays 
65 and 66) opens (turns off). In this mode of embodiment, upon 
turning on the power supply (turning on the ignition switch) the 
relay control signal turns on and the first and second relays 65, 66 
open (turn off); normally, this state (the state where the first and 
second relays 65, 66 are open (off)) is maintained. As will be 
discussed later, if a fault such an open circuit in a cable occurs (in 
case of uncontrolled operation), the relay control signal is turned 
off and the first and second relays 65, 66 are closed (turned on). 
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(0024) The driver 4 additionally comprises an overvoltage 
detector 56 which monitors the voltage of DC bus 47; an 
overheating detector 57 which detects overheating of FET 49; 
CAN i f (hereinafter referred to as driver CAN interface) 58, 
which is an interface for serial communication with the control 
device 7; and a l)( ''DC power supply unit (hereinafter referred to 
as driver DC/DC power supply unit) 59 which performs 
conversion from motor power supply 5 to 5 V, 12 V, 15 V, or 
other voltages required for operation of the driver CPU 41 and 
other parts. 

(0025) Upon receiving a control command such as "servo ON" 
and the control magnitude, etc. for actually driving the motor 3 
from the control device 7 through serial communication bus 6, in 
every sampling time period (control period of driver 4), the driver 
4 acquires operating speed of the motor 3 and the phase angle 
(electrical angle) between the magnetic circuit formed by the 
permanent magnet 23 and the U-phase, V-phase, and W-phase 
coils 22 within the motor 3 based on the signal of the position 
sensor 30, and the current level and voltage level of coils 22 based 
on the signal from the current detector 51, and regulates the PVVIVI 
signal generator 45 so as to obtain motor operation according to 
the motor driving instruction from the control device 7. The 
aforementioned control period of the driver 4 is set at, for 
example, 250 ps. being substantially shorter than the control 
period of the control device 7 (e.g. 5 ms). 

(0026) In this electromagnetic suspension apparatus 1, when the 
rod 21 and outer cylinder member 20 undergo relative 
displacement due to vertical vibration of the vehicle body, 
electromotive force is generated in the coils 22. Namely, the 
motor 3 acts as an electric generator, and current flows through 
the coils 22, as a result of which, the suspension unit 2 (motor 3) 
generates resistance, i.e. damping force, according to the relative 
speed of the rod 21 and outer cylinder member 20. Furthermore, 
in accordance with the relative positional relationship (electrical 
angle) of the rod 21 and outer cylinder member 20. and thus the 
vertical vibration state of the vehicle body, if current is supplied 
to the coils 22. the motor 3 will act as a motor proper (actuator) 
and produce propulsive force, allowing the vibration suppressing 
effect of the suspension unit 2 to be improved. 

(0027) Figure 5 illustrates a circuit (shorting circuit) 80 which 
shorts the coils 22 in case of open circuit in a cable. The shorting 
circuit 80 comprises the aforementioned first relay 65 interposed 
between one end of the U-phase coil (the terminal part on the 
opposite side of the common contact terminal CI of the U-phase 
coil, V-phase coil, and W-phase coil) and one end of the V-phase 
coil (the terminal part on the opposite side of the common contact 
terminal CI), and the aforementioned second relay 66 interposed 
between one end of the V-phase coil and one end of the W-phase 
coil (the terminal part on the opposite side of the common contact 
terminal CI), and is able to short the U-phase coil. V-phase coil 
and W-phase coil across the first and second relays 65 and 66. as 
discussed below. The shorting circuit 80 is provided in the 
suspension unit 2. 



(0028) The suspension unit 2 (motor 3) and the driver 4 mounted 
on the vehicle body side arc connected via power cable 81 that 
connects to the U-phase coil, V-phase coil, and W-phase coil of 
the motor 3; position signal cable 82 that extends from the 
position sensor 30; a cable (relay control cable) 83 for control of 
the first and second relays 65 and 66; and ground cable 84. 
Furthermore, first, second, and third vertical acceleration sensors 
It), 11. and 12 and control device 7 arc connected via acceleration 
signal cable 85. In this mode of embodiment, if any of the 
aforementioned cables (power cable 81. position signal cable 82. 
relay control cable 83. and acceleration signal cable 85) is open- 
circuited, or if a fault occurs such that no power is supplied from 
the battery (12 V power supply 16, motor power supply 5), etc. 
(such cases may be referred to hereinafter as power supply 
interruption) (in case of uncontrolled operation), the driver 4 turns 
off the relay control signal outputted to the first and second relays 

65, 66. 

(0029) As indicated above, the first and second relays 65 and 66 
are normally closed relays, and the relay control signal from the 
driver 4 is normally turned on and outputted to keep the first and 
second relays 65 and 66 in an open (off) state. In this normal 
state, the first and second relays 65 and 66 are kept open, so the 
U-phase coil, V-phase coil, and W-phase coil are not shorted, and 
the motor 3 is normally controlled and is able to generate 
propulsive force (act as a motor proper) and damping force (act as 
an electric generator). 

(0030) If no relay control signal is outputted from the driver 4 (if 
the relay control signal is off), the first and second relays 65 and 
66 assume a closed (on) state (the same state as normally), and the 
U-phase coil, V-phase coil, and W-phase coil become shorted due 
to the closure (turning on) of the first and second relays 65 and 

66. In other words, in case of uncontrolled operation as described 
above (open-circuiting of one of the aforementioned cables or 
power supply interruption), the driver 4 turns off the relay control 
signal outputted to the first and second relays 65 and 66, and the 
U-phase coil. V-phase coil, and W-phase coil assume a shorted 
state. 

(0031) If the U-phase coil, V-phase coil, and W-phase coil are 
shorted, when the suspension unit 2 makes a stroke, the motor 3 
acts as an electric generator and generates resistance, in other 
words damping force, of a magnitude substantially proportional to 
the stroke speed. Below, examples of specific open circuit 
locations will be used to explain the method of open circuit 
detection (error detection means) and the control method in such 
cases. Detection of open circuit in the power cable 81 (the cable 
between the driver 4 and motor 3) is performed as follows. 

(0032) Namely, a current detector 51 is incorporated into the 
driver 4. which checks if the current level instructed by the driver 
CPU 41 is being accurately outputted to the U-phase coil. V- 
phase coil, and W-phase coil by detecting the outputted current, 
and feeds back the detected value to the driver CPU 41. If the 
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power cable 81 is open-circuited, the current level fed back to the 
driver CPU 41 will present an abnormal value (a value indicating 
zero or very low current level). The driver CPU 41 uses this fact 
to determine the presence or absence of open circuit in the power 
cable 81. 

(0033) If the driver CPU 41 determines that an open circuit is 
present in the power cable 81 (if an open circuit has been detected 
in the power cable 81 ). il turns off the relax control signal, closing 
the first and second relays 65 and 66 and shorting the U-phase 
coil. V-phase coil, and W-phase coil through the first and second 
relays 65 and 66, and also stops the motor control and notifies the 
control device 7 about the open circuit detection. 

(0034) Next, determination of open circuit in the position signal 
cable 82 is performed as follows. If the position sensor 30 is a 
sensor of the type that constantly outputs a signal (e.g. the signal 
varies between 1 and 5 V), the presence of an open circuit can be 
determined if no signal is being outputted. Furthermore, for 
instance, in the case of a 0-5 V A, B phase pulse position sensor 
or the like, or a sensor which has states in which no output signal 
is outputted, the determination of open circuit in the position 
signal cable 82 or failure of position sensor 30 can be determined 
if the output of the position sensor is 0 V or does not change 
despite the fact that its output should change based on the output 
from the vertical acceleration sensor, etc. connected to the control 
device 7. If open circuit in the position signal cable 82 is detected, 
the control device 7 issues a notification of motor control stop to 
the driver 4. The driver CPU 41 then performs shorting of the U- 
phase coil, V-phase coil, and W-phase coil, stoppage of motor 
control and notification of the control device 7 regarding open 
circuit detection, in the same manner as described above. 

(0035) Open circuit in the relay control cable 83 is detected as 
follows. Here, in order to open (turn oft) the first and second 

relay control signal whereof the content (signal level) is ON) 
through the relay control cable 83 and excite the excitation coils 
contained in the first and second relax s 65 and 66. Open circuit in 
the relay control cable 83 is normally detected by monitoring the 
excitation current (relay control signal) by means of the relay i/f 
60 inside driver 4. If open circuit in the relay control cable 83 is 
detected, no signal is supplied to the first and second relays 65 
and 66, so these relays automatically close (return to their normal 
state), shorting the U-phase coil, V-phase coil, and W-phase coil. 
Furthermore, the driver CPU 41 turns off the relay control signal, 
stops motor control, and notifies the control device 7 about the 
open circuit detection. Here, the reason for turning off the relay 
control signal is that, while there would be no problem in cases of 
complete open circuit in the relay control cable, in cases of 
repeated open circuit followed by reconncction and open circuit, 
the first and second relays 65 and 66 will repeatedly open and 
close, and in order to prevent this, it is necessary to leave the relay- 
control signal off. 

(0036) Furthermore, open circuit in the acceleration signal cable 



85 is detected as follows. In this mode of embodiment, the 
acceleration signal from the first, second, and third vertical 
acceleration sensors 10, 1 1, and 12 is set for instance to a signal 
output of 1 to 5 V, centered on 3 V. and when no signal is 
outputted from the first, second, and third vertical acceleration 
sensors 10, 11, and 12 (for example, when the output signal of the 
first, second, and third vertical acceleration sensors 10, 11, and 12 
is 0 V). it is stipulated that an open circuit can be determined to 
exist in the acceleration signal cable 85. The driver CPU 41 
performs detection of open circuit in the acceleration signal cable 
85 based on the acceleration signals from the first, second, and 
third vertical acceleration sensors 10, 11, and 12. If an open 
circuit is detected, the driver CPU 41 performs shorting of the U- 
phase coil, V-phase coil, and W-phase coil, stoppage of motor 
control, and notification of the control device 7 regarding open 
circuit detection, in the same manner as described above. 

(0037) Furthermore, if the control device 7 or driver 4 ceases to 
operate normally due to runaway operation or the like, the driver 
CPU 41 stops supplying power to the motor 3, closes the first and 
second relays 65 and 66, and puts the U-phase coil, V-phase coil, 
and W-phase coil into a shorted state. To determine the presence 
or absence of runaway operation, for example, the CPU is made 
to periodically access the relay i/f and PWM signal generator, and 
the relay i/f and PWM signal generator are provided with a 
function of determining the presence or absence of this periodic 
access and stopping the output in case of absence of the periodic 
access. As a result, in case of runaway operation, periodic access 
ceases to be performed, and thus the output from the relay i/f and 
PWM signal generator slops, supply of power to the motor 3 is 
discontinued, and the U-phase coil, V-phase coil, and W-phase 
coil are placed into a shorted state. Furthermore, if an open circuit 
occurs in the power supply cable 86 connecting the motor power 
supply 5 and the driver 4, and supply of power to the driver 4 
stops, the relay control signal is turned off, the first and second 
relays 65 and 66 close, and the U-phase coil, V-phase coil, and 
W-phase coil are placed into a shorted state. 

(0038) Furthermore, if an abnormal operation such as closing 
(turning on) of the first and second relays 65 and 66 due to some 
sort of factor occurs during normal operation of the system, a 
shorted loop (closed circuit) is formed before the U-phase coil, V- 
phase coil, and W-phase coil, and current ceases to be supplied 
from the driver 4 to the U-phase coil, V-phase coil, and W-phase 
coil. In such cases, excess current corresponding to the removed 
resistance of the coils 22 flows through the power cable 81, and 
current level feedback anomalies (excess current levels) are 
detected by current detector 51, so the driver CPU 41 detects 
errors in the first and second relays 65 and 66. 

(0039) If an error is detected in the first and second relays 65 and 
66, the driver CPU 41 performs shorting of the U-phase coil, V- 
phase coil, and W-phase coil, and stoppage of motor control and 
notification of the control device 7 regarding open circuit 
detection, in the same manner as described above. 
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(0040) The above operation will be summarized based on the 
flow chart of Figure 6. Driver CPU 41 accepts a control command 
from control device 7 (step Sll) and determines if there is an 
error handling request from the control device 7 (step SI2). If the 
decision in step S12 is No (if error handling is not necessary), the 
driver CPU 41 reads position data from position sensor 30 for 
control of motor 3 (step SI 3). 

(0041) Based on the reading of position data in step SI 3, the 
presence or absence of open circuit in position signal cable 82 is 
determined (step SI 4). In the next step 15, motor control logic is 
executed, the positional relationship of the magnet 23 and the 
coils 22 of the motor 3 is ascertained based on position data, and 
the current levels, etc. of the U-phase coil, V-phase coil, and W- 
phase coil are ascertained based on current level feedback (before 
I sampling), and the control magnitude for the motor 3 is 
determined based on the required torque and speed of the motor 3, 

(0042) Next. FET 49 is switched via the PWM signal generator 
45 to adjust the voltage impressed on the U-phase coil, V-phase 
coil, and W-phase coil and controls the motor 3 to generate the 
prescribed torque and attain the prescribed speed (step S16). 
Subsequently, current level feedback of the U-phase coil, V-phase 
coil, and W-phase coil is received by current detector 51 (step 
SI 7) and the presence/absence of open circuit is determined (step 

518) . 

(0043) If the decision in step S12 is Yes (error handling is 
required), or if the decision in step S14 is Yes (open circuit is 
present), power to the motor 3 is cut, and error handling such as 
shorting of the first and second relays 65 and 66 and transmission 
of error handling status to the control device 7 is performed (step 

519) . 

(0044) As discussed above, the suspension unit 2 is able to 
generate damping force even during so-called uncontrolled 
operation, such as in cases of power supply interruption, open 
circuit in a cable, dead battery (power supply interruption), 
runaway operation of the control device 7 and driver 4, or turning 
off of the ignition switch, thereby greatly improving safety. 

(0045) If the type of first and second relays 65 and 66 selected is 
one which allows passing large currents, the risk of breakdown 
will be reduced. By using a relay type that allows passing of large 
currents for the first and second relays 65 and 66, the suspension 
unit will be able to generate stable damping force for a long time 
even during uncontrolled operation, further improving safety. 

(0046) Next, a second mode of embodiment of the present 
invention will be described based on Figure 7 and Figure 8. The 
electromagnetic suspension device of the second mode of 
embodiment, as shown in Figure 7 and Figure 8, has an FET 
circuit 49A instead of the aforementioned FET 49. FET circuit 
49A has six FETs (hereinafter referred to as first through sixth 



FETs) 541 through 546. The source (S) of the first FET 541 is 
connected to the drain (D) of the second FET 542, and the 
connection area thereof is connected to the U-phase coil. The 
source (S) of the third FET 543 is connected to the drain (D) of 
the fourth FET 544. and the connection area thereof is connected 
to the V-phase coil. The source (S) of the fifth FET 545 is 
connected to the drain (D) of the sixth FET 546, and the 
connection area thereof is connected to the W-phase coil. 

(0047) Six control wires 90 extend from the PWM signal 
generator 45 to FF.'I circuit 49A. three of which are connected to 
the gates (G) of the first, third, and fifth FETs 541, 543. and 545 
(which may be referred to hereinafter as upper arm FETs). The 
other three signal wires 90 of the aforementioned six control 
wires 90 are connected to the gates (G) of the second, fourth, and 
sixths FETs 542, 544. and 546 via a shorting auxiliary circuit 
(hereinafter referred to as first shorting auxiliary circuit) 80A. In 
this second mode of embodiment, the first shorting auxiliary 
circuit 80A and the second, fourth and sixths FETs 542. 544, and 
546 form the shorting circuit. 

(0048) The first FET 541 comprises a freewheeling diode 91 
which connects the source (S) and drain (D) and permits 
electricity to pass through the freewheeling diode 91 from the 
source (S) to the drain (D). A freewheeling diode is connected 
between the source and drain of the second through sixths FETs 
542 through 546 as well, just as in the case of the first FET 541 . 

(0049) The drains (D) of the first, third, and fifth FETs 541, 543. 
and 545 (upper arm FETs) are connected to the plus (+) terminal 
of the motor power supply 5. Furthermore, the sources (S) of the 
second, fourth, and sixths FETs 542, 544. and 546 (lower arm 
FETs) are connected to the minus (-) terminal of the motor power 
supply 5. 

(0050) The aforementioned first shorting auxiliary circuit 80A 
comprises a npn type transistor (hereinafter referred to as first 
transistor) 70 and a pnp type transistor (hereinafter referred to as 
second transistor) 71. The emitter (E) of the first transistor 70 and 
the emitter (E) of the second transistor are connected, and the 
connection area thereof is connected to the gates (G) of the 
second, fourth, and sixths FETs 542, 544, and 546 (lower arm 
FETs) (in Figure 8, only the second FET 542 is excited). The base 
(B) of the first transistor 70 and the base (B) of the second 
transistor are connected, and the connection area thereof is 
connected to the control wire 90 of the PWM signal generator 45. 
The collector (C) of the first transistor 70 is connected to a 15 V 
FET gate driving power supply 92. The collector (C) of the 
second transistor 71 is grounded. 

(0051) Series-connected diode 67 and resistor 68 are connected in 
parallel to the drains (D) and gates (G) of the second, fourth, and 
sixths FETs 542. 544, and 546 (lower arm FETs). A grounded 
Zener diode 69 is connected to the gates (G) of the second, fourth 
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and sixths FETs 542, 544, and 546. preventing the application of 
high voltage of any of the aforementioned gales (G). A capacitor 
93 is connected in parallel to each Zener diode 69. 

(0052) In this second mode of embodiment, as discussed below, 
shorting of the U-phase coil, V-phase coil, and W-phase coil is 
achieved by means of the first shorting auxiliary circuit 80A, and 
the first and second relays 65 and 66 (shorting circuit 80) used in 
the first mode of embodiment described above are eliminated. In 
this second mode of embodiment, for example if an open circuit 
occurs in the control wire 90 for the second FET 542, the first and 
second transistors 70 and 7! will not operate, since no voltage 
will be applied to their bases (B). In such a ease, a stroke of the 
suspension unit 2 will cause the motor 3 to act as an electric 
generator, counter-electromotive voltage will arise between 
phases U and V, and if the U-phase voltage is higher, U-phase 
counter-electromotive voltage will be applied to the drain (D) of 
the second FET 542. 

(0053) Furthermore, voltage is applied to the gate (G) of the 
second FET 542 through diode 67 and resistor 68, making it 
possible to make the second FET 542 conduct (turn it on). As a 
result, current will flow from the drain (D) side of the second FET 
542 to the source, and current will flow to the V-phase coil and 
W-phase coil through the freewheeling diode 91 comprised in the 
fourth FET 544 corresponding to the V-phase coil (in other words 
the U-phase coil. V-phase coil, and W-phase coil will assumed a 
shorted state), and the suspension unit 2 will generate damping 

(0054) It will be noted that counter-electromotive voltage is 
applied to the gate (G) of the second FET 542 through diode 67 
during normal operation as well, but since the second and first 
transistors 70 and 71 operate, if the resistance value of resistor 68 
is made adequately large, the switching operation of the second 
FET 542 will not be affected. In other words, if the power cable 
81 connected to the motor 3 becomes open-circuited, strokes 
made by the suspension unit 2 will cause the motor 3 to act as an 
electric generator, the second FET 542 will automatically conduct 
(turn on) due to counter-electromotive voltage, the coils of each 
phase will be shorted, and current will flow, as a result of which, 
the suspension unit 2 will generate damping force. 

(0055) In this second mode of embodiment, even if the gate 
control signal of the second FET 542 of the driver 4 experiences 
an open circuit, using the counter-electromotive voltage of the 
motor 3 to make the second FET 542 conduct (turn it on) makes it 
possible for damping force to be generated even if there is an 
open circuit. It will be noted that since the counter-electromotive 
voltage of motor 3 is used, it will not be possible of course to 
cause the second FET 542 to conduct (turn it on) if the suspension 
unit is not making strokes, or if the stroke speed is low and the 
counter-electromotive voltage is low. Thus, it will not be possible 
to generate damping force when the stroke speed is low. 

(0056) Next, a third mode of embodiment of the present invention 



will be described based on Figure 9 and Figure 10. The 
electromagnetic suspension device of the third mode of 
embodiment, as shown in Figure 9 and Figure 10, eliminates the 
FET gate driving power supply 92 of the second mode of 
embodiment and is made such that the lower arm FETs, i.e. the 
second, fourth and sixth FETs 542. 544. and 546 (in the following, 
for the sake of expediency, the second FET 542 will be used as 
the example for description) can conduct (turn on) even when the 
stroke speed of the suspension unit 2 is low and the counter- 
electromotive voltage is low, allowing damping force to be 
generated even in the low range of stroke speed. 

(0057) The third mode of embodiment has FET circuit 49B 
instead of the FET circuit 49A in the second mode of embodiment. 
FET circuit 49B has a second shorting auxiliary circuit SOB 
instead of the first shorting auxiliary circuit 80A of I I I circuit 
49A. The second shorting auxiliary circuit SOB has a third and 
fourth transistors 72 and 73 instead of the second and first 
transistors 70 and 71 of the first shorting auxiliary circuit 80A. 
The emitters of the third and fourth transistors 72 and 73 are 
connected, and the connection area thereof is connected to the 
gate of the second FET 542. The bases of the third and fourth 
transistors 72. 73 are connected, and to the connection area 
thereof is connected the collector of an npn type fifth transistor 95 
with a grounded emitter. Control wire 90 is connected to the base 
(B) of the fifth transistor 95. 

(0058) The collector of the third transistor 72 and the drain of the 
second FET 542 are connected across series-connected diode 74 
and resistor 75. The collector and emitter of the third transistor 72 
are connected via a resistor 78. One end of capacitor 76, whereof 
the other end is grounded, is connected to the connection area of 
resistor 78 and resistor 75. Zener diode 77 is connected in parallel 
to capacitor 76. Furthermore, the collector of the third transistor 
72 and the collector of the fifth transistor 95 are connected across 
resistor 96. 

(0059) In this third mode of embodiment, when the drain voltage 
of the second FET 542 is high, in other words, when a voltage is 
applied to the drain of the second FET 542 due to counter- 
electromotive voltage of the motor 3, or when the first FET 541 
on the upper arm side is on, a charge accumulates in capacitor 76 
through diode 74 and resistor 75. This voltage is set to a voltage 
adequately capable of driving the gate of the second FET 542, and 
is maintained at a constant voltage by Zener diode 77. 

(0060) The voltage accumulated in capacitor 76 serves as a power 
supply for gate driving, and the gate of the second FET 542 is 
driven by the third and fourth transistors 72 and 73. The gate 
control signal has negative logic: the gate of the second FET 542 
turns on when the gate control signal is at low level and turns off 
when the gate control signal is at high level. If the gate signal 
ceases to be generated due to open circuit or the like, the voltage 
accumulated in the capacitor 76 is applied to the gate of the 
second FET 542 via resistor 78, the second FET 542 is turned on. 



and damping force is generated. In such cases, even if the stroke 
speed of the suspension unit 2 is low and counter-electromotive 
voltage is low, the lower arm FETs, i.e. the second, fourth, and 
sixth FETs 542. 544, and 546 (in the following, for the sake of 
expediency, the second FET 542 will be used as the example tor 
description) are able to conduct (able to turn on), allowing 
damping force to be generated even in the low range of stroke 
speed. 

(0061) The above first through third modes of embodiment were 
examples of cases where the suspension unit 2 had a cylindrical 
linear motor structure, but a suspension unit 2A as shown in 
Figure 1 1 may be used instead. The suspension unit 2A shown in 
Figure 1 1 comprises an outer cylinder member 20A; a cylindrical 
rod 21 A whereof one end is inserted into outer cylinder member 
20A and the other end protrudes from the outer cylinder member 
20A; a ball nut 165 secured to one end of the rod 21A; and a ball 
screw 167 which engages with ball nut 165 and is rotatably 
supported via bearing 166 by the outer cylinder member 20A. 
Suspension unit 2A further comprises a permanent magnet 23A 
secured to a shaft 168 coaxial with ball screw 167; a coil 22A 
secured to the outer cylinder member 20A; and an unillustrated 
core material provided inside coil 22A. An annular guide member 
69 is installed at the open end of the outer cylinder member 20A, 
and a sliding part 170 which slides over rod 21 A and guides rod 
21 A is provided on the inside of guide member 169. 

(0062) In this suspension unit 2A, electrification of coil 22A 
causes electromagnetic force to be generated between coil 22 A 
and permanent magnet 23A. the permanent magnet 23A (shaft 68) 
and thus the ball screw 167 rotate, and as a result, the rod 21 A is 
axially displaced relative to outer cylinder member 20A via ball 
nut 165, generating propulsive force and making it possible to 
improve the vibration suppressing effect. 

Furthermore, if the rod 21 A and outer cylinder member 20A 
undergo relative displacement in the axial direction due to vertical 
vibration of the vehicle body, the axial movement is conv erted to 
rotary movement by the ball nut 165 and ball screw 167, the 
permanent magnet 23 A (shaft 168) rotates, electromotive force is 
generated in coil 22A. and resistance, in other words damping 
force, is generated according to the relative speed of the rod 21 A 
and outer cylinder member 20A. 

(0063) The first through third modes of embodiment described 
above used examples where the U-phase coil, V-phase coil, and 
W-phase coil are shorted in case of uncontrolled operation. For 
this shorting, one may also insert a resistor and consume the 
power generated when the motor 3 operates as an electrical 
generator. 



(0064) 

(Effect of the invention) According to the invention described 
in claim 1, a shorting circuit is provided which causes the coil 
member to form a closed loop in cases of error in the signals 
supplied to the suspension unit, such as in cases of an open- 
circuited cable, which makes it possible to obtain damping force 
through electromotive force generated in the coil member due to 
strokes of the suspension unit, making it possible to avoid states 
of no damping force which could occur in the prior art in case of 
fault. Furthermore, according to the invention described in claim 
2. the shorting circuit is provided integrally with the suspension 
unit, thereby making it possible to actuate the shorting circuit 
even when a fault has occurred in the control means or cables. 
(Brief description of the drawings) 

(Figure 1) A drawing schematically showing the electromagnetic 
suspension device according to a first mode of embodiment of the 

(Figure 2) A cross-sectional view showing the suspension unit of 
Figure 1. 

(Figure 3) A block diagram schematically showing the control 
device of Figure 1 . 

(Figure 4) A block diagram schematically showing the driver of 
Figure 1. 

(Figure 5) A diagram showing the shorting circuit of the 
electromagnetic suspension device of Figure I, which employs 

(Figure 6) A flow chart representing the operation of the 
electromagnetic suspension device of Figure 1. 
(Figure 7) A drawing schematically showing the electromagnetic 
suspension device according to a second mode of embodiment of 
the present invention. 

(Figure 8) A drawing illustrating the first shorting auxiliary circuit 
of Figure 7. 

(Figure 9) A drawing schematically showing a third mode of 
embodiment of the present invention. 

(Figure 10) A drawing illustrating the second shorting auxiliary 
circuit of Figure 8. 

(Figure 11) A cross-sectional view showing another suspension 
unit that replaces the suspension unit of Figure 2. 
(Explanation of references) 
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